Birth season is an important factor that reflects prenatal nutritional conditions during early development, and which might have lifelong impacts on health. Moreover, ambient ozone pollution has been considered an important environmental risk factor for hypertension. However, whether birth season affects vulnerability to the effect of ambient ozone exposure on late-life hypertension is still unknown. A flexible case-crossover design was used to explore the effect of ambient ozone exposure on the disease burden of hypertension using years of life lost (YLL) in the elderly population in a coastal city in South China from 2013 to 2016. The influence of birth season was also explored. Ozone exposure was significantly associated with increased YLL from hypertension. The association was higher in the elderly individuals who were born in autumn than in those born in other seasons. Specifically, every 10 µg/m 3 increase in ozone was associated with 0.68 (95% CI: 0.27, 1.10) YLL from hypertension in the elderly population born in autumn, while nonsignificant associations were found for those born in other seasons. The birth season, which affects the nutritional condition during early development, could affect vulnerability to the effect of ambient ozone exposure on the disease burden of hypertension in late life. The findings highlighted the importance of taking birth season into consideration when exploring the hypertensive effects of ozone exposure.
Introduction
Ambient air pollution has emerged as one of the most important environmental and public health concerns in the world [1] . As a key component of photochemical smog, ozone is a highly reactive and strongly oxidative secondary air pollutant [2] . With a rapid increase in the number of vehicles, the emission sources of air pollution, which previously mainly originated from conventional coal combustion, have gradually changed to a combination of coal combustion and motor vehicle emissions [3] . Thus, ozone pollution has increased substantially in recent years and has received increasing attention [4] .
Hypertension is an important global health challenge worldwide considering its high prevalence [5] . Furthermore, along with rapid urbanization, economic development, and population aging, the prevalence of hypertension is increasing consistently in low-and middle-income countries [6] . As the major risk factor for cardiovascular diseases, hypertension has been identified as the leading risk factor for premature death and disability worldwide [7] .
Among the many risk factors for hypertension, air pollution has been considered an important environmental influencing factor [8] . Nevertheless, studies on the associations between ambient ozone exposure and hypertension are far fewer than studies on particulate matter (PM), and the results have been inconsistent [9] [10] [11] . In addition, few studies have explored the effect of ozone exposure on the disease burden of hypertension using the years of life lost (YLL) indicator, which provides complementary information to that of mortality rate, because it takes the life expectancy at death into consideration [12] . Evidence of effect on elderly individuals, who may be more susceptible to the effects of ozone exposure, is even more scarce [13] .
In addition, beyond the traditional demographic factors modifying the health effects of ozone exposure, such as age, gender, and marital status, whether birth season affects vulnerability to ozone exposure is unclear. Considering that birth season is an important index that reflects the prenatal nutritional condition during early development, which will exert lifelong impacts on health [14] , it is interesting to explore the influence of this factor on the possible hypertensive effects of ozone exposure.
Therefore, the aim of this study is to explore the associations between ambient ozone exposure and the disease burden of hypertension using the indicator of YLL in the elderly. Furthermore, the influence of birth season was investigated for the first time. The results will provide important evidence for ozone pollution control and susceptible population protection.
Materials and Methods

Study Site and Data Collection
Our study site is Ningbo city, which is located in the Zhejiang Province in China. It is the world's fourth-largest port city and an important commercial and financial center in South China. The total population of Ningbo is 5.83 million, and 6.27% of individuals are ≥75 years old (http: //vod.ningbo.gov.cn:88/nbtjj/tjnj/2015nbnj/indexch.htm).
Daily 8-hour maximum concentrations of ozone and daily concentrations of fine particles (PM 2.5 ), nitrogen dioxide (NO 2 ), and sulfur dioxide (SO 2 ) were collected from the Environment Monitoring Center of Ningbo between 1 January 2013 and 31 December 2016. The air pollutant levels were monitored at 8 monitoring sites covering urban and suburban areas in Ningbo, and the monitoring methods were performed according to the Chinese National Ambient Air Quality Standards. The averaged data from these sites reflected the air pollution levels of the whole city. Daily meteorological data, including temperature and relative humidity, were obtained from the Ningbo Meteorological Bureau. The proportion of missing data was less than 1.0%, and the missing values were substituted with the daily mean value.
Daily mortality data on death in the elderly population were obtained from the Ningbo Municipal Center for Disease Control and Prevention. The elderly subjects who were retained for the calculation of the YLL were the ones whose primary cause of death was hypertension. The diagnose of death caused by hypertension used the same method as in a previous study in 272 Chinese cities, "according to the International Classification of Diseases, 10th revision, daily mortality counts were further categorized into hypertension (codes: I10-I15)" [9] .
Elderly individuals were those who were ≥75 years old according to previous studies [15, 16] . All data were restricted to registered residents only, and the dataset comprised information on gender, age, birth date, and other factors. Thus, deaths from hypertension could be stratified by birth season according to the birth date of the individual. Based on the definition of seasons of the China Meteorological Administration, spring ranges from March to May, summer from June to August, autumn from September to November, and winter from December to February.
We calculated daily YLL from hypertension in the elderly population by matching each patient's age to the World Health Organization (WHO) standard life table (Supplemental Material, Table S1 ). Daily YLL was calculated by summing the YLL of all the elderly individuals who died from hypertension on the same day. Furthermore, the daily YLL was stratified by birth season.
Statistical Analysis
The Spearman correlation function was used to analyze the correlations between ozone and other air pollutants, as well as the meteorological factors. Time-stratified case-crossover using conditional logistic regression was adopted to explore the effects of ozone exposure on YLL from hypertension. This design is a special case of time series analysis. We used a Poisson regression model that combines the case-crossover design with penalized splines [17] .
The model is as follows:
In the model, YLL t is the observed daily YLL from hypertension at day t; α is the intercept; β is the coefficient of YLL associated with a unit increase in ozone; Xi is the daily mean concentration of ozone; Cj represents the confounding factors, including daily temperature and daily relative humidity; f j is the smooth function (p spline); and W t (week) is the dummy variable for day of week on day t. Strata is a categorical variable of the year and calendar month used to control for long-term trends. Degrees of freedom for daily temperature and relative humidity were set to 3 according to previous studies [16, 18] . Considering the lag effects of temperature, the 14-day moving average of temperature was used [19] . For relative humidity, the average value of the current day was used in the models.
To investigate the lag effects of ozone exposure, potentially delayed and cumulative associations were estimated. The delayed effects were estimated by using a single day lag (from lag0 to lag7), and then the cumulative associations were estimated using the moving average over the lag periods from moving average concentrations of day 0 and day 1 (mv01) to moving average concentrations of day 0 to day 7 (mv07). The results are shown as changes in daily YLL from hypertension per 10 µg/m 3 increase in ozone on different lag days.
To visualize the possible nonlinear relationship between ozone exposure and YLL from hypertension, a penalized spline smoothing function was used to plot the exposure-response curves. In addition, the analyses were stratified by birth season, and the differences between birth seasons were analyzed by subgroup comparisons, as shown below.
where β 1 and β 2 are the estimates for the two subgroups (e.g., autumn and spring) and SE 1 and SE 2 are their respective standard errors.
A single-pollutant model was used to examine the main associations of ozone exposure with daily YLL from hypertension, while two-pollutant models with PM 2.5 , NO 2 , or SO 2 added were used to examine the robustness of the associations.
Furthermore, we evaluated the impacts of ozone exposure on hypertension mortality. The independent variable, lag structure, and relevant degrees of freedom in the model were similar to those in the YLL models, expect the time series function with the Poisson link under a case crossover framework was used considering the daily death counts following a Poisson distribution. The results are presented as changes in the excess risk of death from hypertension associated with each 10 µg/m 3 increase in daily 8-hour maximum ozone on different lag days.
The study was approved by the Institutional Review Board of Ningbo Municipal Center for Disease Control and Prevention (No. IRB 201603). R software was used for all analyses (Version 3.1.2, http://www.R-project.org/). Statistical significance was defined as two-sided p < 0.05.
Results
Description
The mean daily 8-hour maximum ozone concentration was 93.3 µg/m 3 during from 2013 to 2016 in Ningbo, China ( Table 1 ). The concentrations of ozone were relatively higher in summer months, while the concentrations of PM 2.5 , NO 2 , and SO 2 were higher in winter months (Figure 1 ). Correlations between ozone and other air pollutants, as well as the meteorological factors, are presented in Table S2 in the Supplementary Materials. Ozone was negatively associated with PM 2.5 , NO 2 , and SO 2 . From 2013 to 2016, a total of 6525 deaths from hypertension in the elderly population were recorded, and the corresponding YLL from hypertension was 70,014 years. The daily number of deaths and the corresponding YLL from hypertension in the elderly individuals born in different seasons are shown in Table 2 . Relatively higher daily YLL from hypertension was found in those born in autumn and winter. Daily YLL and death number in males and females are also presented. 
Associations between Ambient Ozone and YLL from Hypertension
Estimated changes in YLL from hypertension associated with increments in daily 8-hour maximum ozone on different lag days in the elderly population are presented in Figure 2 . Generally, the effects showed a positive trend and peaked at 6-day moving average concentration (mv06), with each 10 µg/m 3 increase in daily 8-hour maximum ozone associated with an increase in YLL from hypertension in the elderly population of 0.89 years (95% CI: 0.10, 1.68). Because the effects were strongest for mv06, we used this moving average in our main analysis. 
Modification of Birth Season
When the analysis was stratified by birth season, YLL from hypertension related to ozone exposure was significantly higher among the autumn-born elderly individuals than among those born in other seasons. Specifically, each 10 µg/m 3 increase in daily 8-hour maximum ozone corresponded to an increase in YLL from hypertension of 0.68 years (95% CI: 0.27, 1.10) in those born in autumn, while nonsignificant associations were found for other birth seasons.
In two-pollutant models, the estimates of the associations with ozone in different birth seasons did not change much when PM 2.5 , NO 2 , or SO 2 was added. For instance, when PM 2.5 was added to the model, a 10 µg/m 3 increase in daily 8-hour maximum ozone was associated with an increase in YLL from hypertension of 0.74 years (95% CI: 0.29, 1.19), which was significantly higher than for those born in other seasons. Nonsignificant differences were found in YLL from hypertension per increase in exposition to ozone between males and females ( Table 3) . Table 3 . Changes in years of life lost (YLL) from hypertension per 10 µg/m 3 increase in ozone in the elderly individuals born in different seasons using single and two-pollutant models in Ningbo, China, from 2013 to 2016.
Variables
All (95% CI) The excess risk of hypertension mortality associated with ozone exposure showed the same trend as the results for YLL. The excess risk was highest in those who were born in autumn. Nevertheless, significant differences were only found for autumn-born and winter-born individuals (Supplemental Material, Table S3 ). The results indicated that YLL may be more sensitive than mortality when exploring the health effects of air pollutants.
Spring-born (95% CI)
Summer-born (95% CI)
Autumn-born (95% CI)
Winter-born (95% CI)
Single
Exposure-Response Relationship
The exposure-response curves of ozone exposure and YLL from hypertension in the elderly individuals born in four seasons showed different patterns. An approximately linear relationship was shown for ozone exposure in those born in autumn and the curve was relatively steep, while the curves for other birth seasons were flatter (Figure 3) . The exposure-response curves were based on the results of mv06. The upper and lower dotted lines indicate 95% confidence intervals.
Discussion
In this study, a flexible case-crossover design was used to investigate the associations between ambient ozone exposure and the disease burden of hypertension in elderly individuals born in different birth seasons. We found that ambient ozone exposure was significantly associated with YLL from hypertension in the elderly population. Furthermore, it was very interesting to find that the increased burden of hypertension related to ozone exposure was significantly higher in the individuals who were born in autumn than in those born in other seasons.
High ozone concentrations in urban and industrial regions worldwide have been a major air quality issue [20] . With the rapid increase in fossil fuel consumption in China over the past decades, the emission of photochemical precursors of ozone has increased sharply, raising concerns about worsening ozone pollution [21] . Our study site was in the region of the Yangtze River Delta of South China, where increased ambient ozone concentration has been reported in recent years [4] . We found that the daily mean concentration of ambient ozone in this study was approximately equal to the WHO air quality guideline limit for ozone, and was much higher than the ozone concentrations reported in other regions [2, 22] .
However, less is known about the health effects of ozone pollution compared with PM [23] . Previous findings on the relationship between ambient ozone exposure and hypertension have been contradictory. A systematic review and meta-analysis indicated that short-term exposure to ozone had a positive relationship with hypertension but lacked statistical significance [11] . Furthermore, most of the studies focus on hypertension mortality [9] . Our results add to the current literature by examining YLL, which is a better measurement of disease burden that takes both number of deaths and life expectancy into consideration. We found that ozone was significantly associated with YLL from hypertension in the elderly in Ningbo, Zhejing province, China.
The mechanisms underlying the hypertensive effects of ambient ozone exposure are somewhat biologically plausible. Previous studies have found that ozone exposure contributed to an increased risk of hypertension, and the contributing factors might include circulating biomarkers of inflammation, oxidative stress, coagulation, platelet activation, and metabolomic change, which may cause increased sympathetic tone and vascular endothelial dysfunction [24] [25] [26] . However, the exact mechanisms of the hypertensive effects of ozone exposure remain to be elucidated in further investigations.
Relatively stronger hypertensive effects of ambient ozone exposure in the elderly population were found in this study. Specifically, each 10 µg/m 3 increase in daily 8-hour maximum ozone concentration was associated with 2.01% (95% CI: 0.35%, 3.67%) higher hypertension mortality in the elderly population (Supplemental Material, Table S3 ). A study conducted in 272 Chinese cities found that each 10 µg/m 3 increase in daily 8-hour maximum ozone concentration was associated with 0.66% (95% CI: 0.02%, 1.30%) higher daily mortality from hypertension in South China in the general population [9] . This may have been because elderly individuals are more vulnerable to the effect of ozone exposure, considering that many of them may have comorbidity of cardiovascular diseases, and their physical condition, immunity, and self-repairing ability are weaker than those of young people [13] .
An increasing trend of hypertension prevalence has been reported. Based on a national survey in China between 2012 and 2015, the prevalence of hypertension among the Chinese adult population ≥ 18 years of age had already reached 23.2% [27] . Furthermore, hypertension became the leading risk factor contributing to disease burden in China in 2017 [28] . Thus, considering the ubiquitous existence of ambient ozone pollution and the substantial health risk of hypertension, more efforts should be taken to reduce the disease burden of hypertension associated with ambient ozone exposure, especially in the elderly population. Furthermore, we found some interesting evidence of the influence of birth season on the associations between ozone exposure and the disease burden of hypertension in the elderly population. The individuals who were born in autumn had significantly greater YLL from hypertension than those born in other seasons. The results were also relatively robust after adjusting for copollutants, including PM 2.5 , NO 2 , and SO 2 .
According to the Development Origins of Health and Disease (DOHaD), environmental factors in the early stages of human life affect susceptibility to noncommunicable diseases in adults [29] . Recent research has highlighted the role of early-life factors that affect late-life mortality [30] . In particular, adult mortality was affected by nutritional status during the prenatal period, although controversy still exists regarding these results [14] .
Hypertension is a major risk factor for cardiovascular diseases, which are recognized as having early origins through altered development programming due to adverse environmental conditions during development [31] . Birth season is an important indicator that reflects the nutritional condition during pregnancy [14] , which may exert lifelong impacts on disease risk [32] . Thus, seasonal differences in nutritional condition in early life may explain the vulnerability to the hypertensive effects of ozone exposure in late life. Those who were born in autumn had a higher disease burden of hypertension in our study. This finding may be explained by the fact that the first trimester of pregnancy, which is also the key conceptional period, occurred during the winter, when fresh fruits, vegetables, and protein supply were insufficient. This could possibly lead to undernutrition in utero, especially during famine time, influencing the offspring's vulnerability to hypertension in late life.
Programming of metabolism in very early life by undernutrition could lead to increased lifelong vulnerability to risk factors for cardiometabolic disorders [33] . It was proposed that poor early nutrition, especially undernutrition in utero, was at least partly associated with cardiovascular diseases in an adult population [34] . On the one hand, fetal undernutrition may make an infant vulnerable to postnatal stress; on the other hand, this may mean that the mother's metabolic capacity cannot function well, possibly because of undernutrition during infancy [35] . Furthermore, an experimental animal study confirmed that it is possible to program high blood pressure, which is a marked feature of hypertension, by manipulating the nutritional status of the mother during pregnancy [36] .
Thus, the results of our study suggest that it is important to explore the possible modification effects of birth season, which reflects the prenatal nutrition condition during early development, on the relationship between ozone exposure and the disease burden of hypertension in late life.
Our study has several strengths. First, the evidence of the effects of ambient ozone on hypertension is limited, especially in the elderly population. Our study added results to the current literature on this important issue. Second, to our knowledge, this is the first study to explore the impacts of birth season on the associations between ozone and the disease burden of hypertension. This work contributes to the understanding of the influence of birth season and indicates that the prenatal nutritional condition during early life should be considered when exploring the late life mortality associated with air pollution. Third, the indicator of YLL was used in our study, which is more informative for disease burden assessment than mortality, and provided evidence for ozone pollution control and resource allocation.
However, some limitations should be noted in our study. First, exposure measurement errors existed because ambient air pollution data were collected from fixed monitoring stations as a proxy for personal exposure, which may have led to greater heterogeneity of the effects. Second, as an ecological study, individual factors such as gender, lifestyle factors, time spent outdoors or indoors, use of air conditioning, and medication were not controlled in the study due to data availability. Third, the study was performed in a single city; thus, caution should be taken when generalizing the results to other regions, and more confirmation studies need to be performed in the future.
Conclusions
This study showed the hypertensive effects of ambient ozone exposure in the elderly population and provided new insight into the ways in which birth season may influence the related associations. Those who were born in autumn had the highest risk compared with those who were born in other seasons. Considering that birth season is an important indicator that reflects prenatal nutrition condition during early development, which may exert lifelong impacts on disease risk, the results suggested that this demographic factor should be considered when exploring the health effects of ozone exposure. The findings will be informative for policy making regarding ambient ozone pollution control and vulnerable population protection.
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